We have used the Chiral-Quark Soliton Model formulated in the Infinite Momentum Frame to investigate the octet, decuplet and antidecuplet tensor charges up to the 5Q level. Using flavor SU (3) symmetry we have obtained for the proton δu = 1.172 and δd = −0.315 in fair agreement previous model estimations. The 5Q allowed us to estimate also the strange contribution to the proton tensor charge δs = −0.011. All those values have been obtained at the model scale Q 2 0 = 0.36 GeV 2 .
Introduction
Nucleon properties are characterized by its parton distributions in hard processes. At the leading twist level there have been considerable efforts both theoretically and experimentally to determine the unpolarized f 1 (x) and longitudinally polarized (or helicity) g 1 (x) quark-spin distributions. In fact a third structure function exists and is called the transversity distribution h 1 (x) [1] . The functions f 1 , g 1 , h 1 are respectively spin-average, chiraleven and chiral-odd spin distributions. Only f 1 and g 1 contribute to deep-inelastic scattering (DIS) when small quark-mass effects are ignored. The function h 1 can be measured in certain physical processes such as polarized Drell-Yan processes [1] and other exclusive hard reactions [2, 3, 4] . Let us stress however that h 1 (x) does not represent the quark transverse spin distribution. The transverse spin operator does not commute with the freeparticle Hamiltonian. In the light-cone formalism the transverse spin operator is a bad operator and depends on the dynamics. This would explain why the interest in transversity distributions is rather recent. The interested reader can find a review of the subject in [5] .
The present study was performed in the framework of Chiral-Quark Soliton Model (χQSM) where a baryon is seen as three constituent quarks bound by a self-consistent mean classical pion field [6] . It is fully relativistic and describes in a natural way the quark-antiquark sea. This model has been recently formulated in the infinite momentum frame (IMF) [7, 8] . This provides a new approach for extracting pre-and postdictions out of the model. The infinite momentum frame formulation is attractive in many ways. For example light-cone wave functions are particularly well suited to compute matrix elements of operators. One can even choose to work in a specific frame where the annoying part of currents, i.e. pair creation and annihilation part, does not contribute. On the top of that it is in principle also easy to compute parton distributions once light-cone wave functions are known. The technique has already been used to study vector and axial charges of the nucleon and Θ + pentaquark width up to the 7Q component [8, 9, 10] . It has been shown that relativistic effects (i.e. quark angular momentum and additional quark-antiquark pairs) are non-negligible. For example they explain the reduction of the naïve quark model value 5/3 for the nucleon axial charge g A down to a value close to 1.257 observed in β decays.
In this paper we present our results concerning octet, decuplet and antidecuplet tensor charges. We briefly explain the χQSM approach on the light cone and give explicit definition of quantities needed for the computation in Section 2. Then in Section 3 we discuss a little bit tensor charges and remind Soffer's inequality. We proceed in Section 4 with a discussion on Melosh rotation usually used in light-cone models compared to the χQSM where angular momentum with dynamical origin is naturally encoded. In Sections 5 and 6 we explain how we can compute matrix elements and express the physical quantities as linear combination of a few scalar overlap integrals. Our final results can be found in Section 7 where they are compared with the sole experimental extraction achieved up to now.
χQSM on the Light Cone
Chiral-Quark Soliton Model (χQSM) is a model proposed to mimic low-energy QCD. It emphasizes the role of constituent quarks of mass M and pseudoscalars mesons as the relevant degrees of freedom and is based on the following effective Lagrangian
where U γ5 is a SU (3) matrix
and τ a are the usual SU (2) Pauli matrices. In this model constituent quarks are bound by a relativistic mean pion field U γ5 that has a non-trivial topology, i.e. the pion field is a soliton. Within this model it has been shown [7, 8] that one can write a general expression for SU (3) baryon wave functions
(dp)F (p)a † (p) exp (dp)(dp
This expression may look somewhat complicated at first view but in fact it is really transparent. The model describes baryons as N C quarks populating the valence level whose wave function is F accompanied by a whole sea of quark-antiquarks represented by the exponential. The wave function of such a quark-antiquark pair is W . We intentionally did not put the spin, isospin, flavor and color indices to keep things simple. The full expression can be found in [8] . This wave function is supposed to encode a lot of information about all light baryons.
Valence wave function
On the light cone the valence level wave function F is given by
where j and σ are respectively isospin and spin indices, z is the fraction of baryon longitudinal momentum carried by the quark, p ⊥ is the transverse momentum and M is the classical soliton mass. The functions h(p) and j(p) are Fourier transforms of the upper (L = 0) h(r) and lower (L = 1) j(r) component of the spinor solution (see Fig.1 ) of the static Dirac equation with eigenenergy
where P (r) is the profile function of the soliton
This profile function is fairly approximated by [6, 25] (see Fig.2 ) 
Pair wave function
The quark-antiquark pair wave function W can be written in terms of the Fourier transform of the pion field with chiral circle condition Π 2 + Σ 2 = 1, U 0 = Σ + iΠγ 5 . The pion field is then given by
and its Fourier transform by
where j and j ′ are the isospin indices of the quark and antiquark respectively. The pair wave function appears as a function of the fractions of the baryon longitudinal momentum carried by the quark z and antiquark z ′ of the pair and their transverse momenta p ⊥ , p
where
is the three-momentum of the pair as a whole transferred from the background fields Σ(q) and Π(q). As earlier j and j ′ are isospin and σ and σ ′ are spin indices with the prime for the antiquark. In order to condense the notations we used
A more compact form for this wave function can be obtained by means of the following two variables
The pair wave function then takes the form
Rotational wave function
To obtain the wave function of a specific baryon with given spin projection, one has to rotate the soliton in ordinary and flavor spaces and then project on quantum numbers of this specific baryon. For example, one has to compute the following integral to obtain the neutron rotational wave function in the 3Q sector
where R is a SU (3) matrix and n k (R)
represents the way that the neutron is transformed under SU (3) rotations. This integral means that the neutron state n k (R)
* is projected on the 3Q sector R
j3 by means of the integration over all SU (3) matrices dR. By contracting this rotational wave function T (n 0 )
with the nonrelativistic 3Q wave function
one finally obtains the non relativistic neutron wave function
This expression means 2 that there is a ud pair in spin-isospin zero combination ǫ f1f2 ǫ σ1σ2 and that the third quark is a down quark δ f3 2 and carries the whole spin of the neutron δ σ3 k . This is in fact exactly the SU (6) spin-flavor wave function for the neutron.
In the 5Q sector the neutron wave function in the momentum space is given by
The color degrees of freedom are not explicitly written but the three valence quarks (1,2,3) are still antisymmetric in color while the quark-antiquark pair (4,5) forms a color singlet. Let us concentrate on the flavor part of this wave function. One can notice that it allows hidden flavors to access to the valence level. The flavor structure of the neutron at the 5Q level is
where the three first flavors belong to the valence sector and the last two to the quark-antiquark pair. All rotational wave functions up to the 7Q sector can be found in the Appendix of [10] .
Tensor charge and Soffer's Inequality
Let us consider a nucleon travelling in the z direction with its polarization in the x direction. One can classify the quark polarizations in terms of the transversity eigenstates | ↑ = (|+ + |− )/ √ 2 and | ↓ = (|+ − |− )/ √ 2 where |+ and |− are the usual helicity eigenstates. One defines the axial and tensor charges as the first moment of helicity and transversity distributions
where N ↑,↓,+,− (x) is the density of quarks with polarization | ↑, ↓, +, − . The quantity δq then counts valence quarks of opposite transversity. The sea quarks do not contribute because the quark tensor operatorψiσ µν γ 5 ψ 2 One has f = u, d, s and σ =↑, ↓.
is odd under charge conjugation. This has to be contrasted with ∆q whose quark axial operatorψγ µ γ 5 ψ is chiral even and thus includes the sea polarization. One can then write ∆q = ∆q val + ∆q sea and δq = δq val .
In the nonrelativistic Naive Quark Model (NQM) one has the identity δq N R = ∆q N R because of rotational invariance. However relativistic effects break this invariance and introduce a difference between the actual charges ∆q val = δq and ∆q val = ∆q N R .
There are several theoretical determinations using the MIT bag model [2, 3] , QCD sum rules [11] , a chiral chromodielectric model [12] , the χQSM [13] , on the light cone by means of the Melosh rotation [14] , using axial vector mesons [15] or in a quark-diquark model [16] .
Let us mention that the tensor charge is not conserved and thus depends on the scale Q 2 . The χQSM scale is around Q 2 0 = 0.36 GeV 2 . The tensor charge at any scale Q 2 can be obtained thanks to the evolution equation up to NLO [5] 
Soffer [17] has proposed an inequality among the nucleon twist 2 quark distributions f 1 , g 1 , h 1
In contrast to the well-known inequalities and positivity constraints among distribution functions such as f 1 ≥ |g 1 | which are general properties of lepton-hadron scattering, derived without reference to quarks, color or QCD, this Soffer inequality needs a parton model to QCD to be derived [18] . Unfortunately it turned out that it does not constrain the nucleon tensor charge. However this inequality still has to be satisfied by models that try to estimate quark distributions.
Melosh rotation
In DIS one is probing the proton in IMF where the relativistic many-body problem is suitably described. The usual light-cone approach is to transform the instant quark states ψ 
is not a justified approximation for QCD bound states. This rotation mixes the helicity states due to a nonzero transverse momentum p i⊥ . The light-cone spinor with helicity + corresponds to total angular momentum projection J z = 1/2 and is thus constructed from a spin ↑ state with orbital angular momentum L z = 0 and a spin ↓ state with orbital angular momentum L z = 1 expressed by the factor p R . The light-cone spinor with helicity − corresponds to total angular momentum projection J z = −1/2 and is thus constructed from a spin ↑ state with orbital angular momentum L z = −1 expressed by the factor p L and a spin ↓ state with orbital angular momentum L z = 0. The vector charge can be obtained in IMF by means of the plus component of the vector operator
Using the Melosh rotation one can see that q LC and q N R are related as follows
The axial charge can be obtained in IMF by means of the plus component of the axial operator
Using the Melosh rotation one can see that ∆q LC and ∆q N R are related as follows [20] ∆q
and M A is its expectation value
with Ψ(p) a simple normalized momentum wave function. The calculation with two different wave functions (harmonic oscillator and power-law fall off) gave M A = 0.75 [21] . The tensor charge can be obtained in IMF by means of the plus component of the tensor operator [14] ∆q = 1 2 P,
Using the Melosh rotation one can see that δq LC and δq N R are related as follows [14] 
and M T is its expectation value. In the nonrelativistic limit p ⊥ = 0 and thus M V = M A = M T = 1 as it should be. One notices that relativistic effects p ⊥ = 0 reduce the values of M A and M T . It is also interesting to notice that one has 
In this approach the explicit valence wave function obtained [8] is
to be compared with the Melosh rotated states
where n = (0, 0, 1). We have two functions h(p) and j(p) determined by the dynamics. The general form of a light-cone wave function [22] should indeed contain two functions
The additional f 2 term represents a separate dynamical contribution to be contrasted with the purely kinematical contribution of angular momentum from Melosh rotations. The f 1 term corresponds to states with L z = 0 and thus to h and pz |p| j while f 2 corresponds to states with L z = ±1 and thus to p R,L |p| j. In the vector case, the one-quark line gives the contribution
In the axial case, the one-quark line gives the contribution
In the tensor case, the one-quark line gives the contribution
Clearly the connection with the Melosh rotation approach is achieved by setting h = 0 and p z = m + zM. At the 3Q level the effect will be similar, i.e. all SU (6) values are multiplied by a common factor. It is however expected that this factor using the general form of light cone wave function would be closer to 1 than the one obtained by means of Melosh rotation.
Currents, charges and matrix elements
A typical physical observable is the matrix element of some operator (preferably written in terms of quark annihilation-creation operators a, b, a † , b † ) sandwiched between the initial and final baryon wave functions. These wave functions are superpositions of Fock states obtained by expanding the exponential in eq. (3). One can reasonably expect that the Fock states with the lowest number of quarks will give the main contribution. If one uses the Drell frame q + = 0 [23, 24] where q is the total momentum transfer then the tensorψγ + γ ⊥ ψ current cannot create nor annihilate any quark-antiquark pair. This is a big advantage of the light-cone formulation since one needs to compute diagonal transitions only, i.e. 3Q into 3Q, 5Q into 5Q, . . . and not 3Q into 5Q for example.
In the 3Q sector since all (valence) quarks are on the same footing any contraction of creation-annihilation operators are equivalent. One can use a diagram to represent these contractions. The contractions without any current operator acting on a quark line corresponds to the normalization of the state. We choose the simplest one where all quarks with the same label are connected, see In the 5Q sector all contractions are equivalent to either the so-called "direct" diagram or the "exchange" diagram, see Fig.4 . In the direct diagram all quarks with the same label are connected while in the exchange one a valence quark is exchanged with the quark of the sea pair. It has appeared in a previous work [9] that exchange diagrams do not contribute much and can thus be neglected. So in the 5Q sector we used only the direct contribution in this paper.
The operator acts on each quark line. In the present approach it is then easy to compute separately contribution coming from the valence quarks, the sea quarks or antiquarks, see Fig.5 . These diagrams represent some contraction of color, spin, isospin and flavor indices. For example, the sum of the three diagrams in the 5Q sector with the vector currentψγ + ψ acting on the quark lines represents the following expression
l1l2l3l4,g5,l f1f2g3g4,l5
(dp 1−5 )
Scalar overlap integrals
The contractions in the previous section are easily performed by Mathematica over all flavor (f, g), isospin (j, l) and spin (σ, τ ) indices. One is then left with scalar integrals over longitudinal z and transverse p ⊥ momenta of the quarks. The integrals over relative transverse momenta in thepair are generally UV divergent. We have chosen to use the Pauli-Villars regularization with mass M PV = 556.8 MeV (this value being chosen from the requirement that the pion decay constant F π = 93 MeV is reproduced from M = 345 MeV). For convenience we introduce the probability distribution Φ I (z, q ⊥ ) that three valence quarks leave the longitudinal fraction z = q z /M and the transverse momentum q ⊥ to thepair(s) with I = V, T referring to the vector or tensor case
The function . Sea quarks and antiquarks do not contribute to the tensor charge since the the tensor operator is chiral-odd. In this approach it is reflected by the fact that the contraction of two quark-antiquark wave functions W with the tensor operator leaves only vanishing scalar overlap integrals
Even though sea quarks and antiquarks do not contribute to the tensor charge it is not sufficient to restrict the computation to the 3Q sector where only valence quarks appear. Higher Fock states change the composition of the valence sector as shown by eq. (17) . So hidden flavors can access to the valence level and thus contribute to tensor charge of the baryon. In other words, even though only valence quarks contribute SU (6) relations are broken due to relativistic effects (additional quark-antiquark pairs).
Results

Combinatoric results
In this work we have studied tensor charges in flavor SU (3) symmetry. Even though this symmetry is broken in nature, this gives quite a good estimation. The interesting thing is that this symmetry relates tensor charges within each multiplet. Indeed all particles in a given representation are on the same footing and are related through pure flavor SU (3) transformations. One can find the way to relate tensors charges of different members of the same multiplet in [10] .
The octet, decuplet and antidecuplet normalizations in the 3Q and 5Q sectors are given by the following linear combination
where the subscript 3/2, 1/2 refers to the value of third component of the baryon spin J z .
Here are the proton tensor charges
Here are the ∆ ++ tensor charges
Here are the Θ + tensor charges
In the 5Q sector of Θ + pentaquark the strange flavor appears only as an antiquark as one can see from its minimal quark content uudds. That's the reason why we have found no strange contribution. But if at least the 7Q sector was considered we would have obtained a nonzero contribution due flavor components like |uus(ds)(ds) , |uds(us)(ds) and |dds(us)(us) .
Numerical results
In the evaluation of the scalar integrals we have used the constituent quark mass M = 345 MeV, the PauliVillars mass M PV = 556.8 MeV for the regularization of (48)-(50) and the baryon mass M = 1207 MeV as it follows for the "classical" mass in the mean field approximation [25] . Choosing Φ V (0, 0) = 1 we have obtained in the 3Q sector Φ T (0, 0) = 0.9306 (73) and in the 5Q sector
This has to be compared with the results in the axial case [9] Φ A (0, 0) = 0.8612 (76)
As expected from (40), (41) and (42) we have the following pattern for the integrals |V | > |T | > |A|.
Discussion
We collect in Tables 1, 2 Like all other models for the proton δu and δd are not small and have a magnitude similar to ∆u and ∆d. One can also check that Soffer's inequality (21) is satisfied for explicit flavors. However hidden flavors, i.e. s in proton and d, s in ∆ ++ , violate the inequality. Up to now only one experimental extraction of transversity distributions has been achieved [26] . The authors did not give explicit values for tensor charges. They have however been estimated to δu = 0.46 
Conclusion
We have used Chiral Quark Soliton Model (χQSM) formulated in the Infinite Momentum Frame (IMF) up to 5Q Fock component to investigate octet, decuplet and antidecuplet tensor charges. We have obtained δu = 1.172 and δd = −0.315 at Q 2 0 = 0.36 GeV 2 for the proton which are in the range of prediction of the other models. We have also discussed the Melosh rotations involved in usual light-cone approach compared with our approach. Melosh rotation introduces somewhat artificially angular momentum whose origin is purely kinematical. A general light-cone wave function should in fact contain a dynamical term like in the approach used in this paper.
Usual light-cone models consider only the 3Q sector and thus cannot estimate the strange tensor charge δs. Even though sea quarks and antiquarks do not contribute to tensor charges one can obtain a nonzero δs because the 5Q component of the nucleon allows strange quarks to access to the valence level. Our result is δs = −0.011 and thus a negative transverse polarisation of strange quarks.
